A simple and high-sensitivity method has been developed for the determination of proteins in aqueous solutions by resonance light scattering (RLS) technique. At pH 3.4 and ionic strength 1.2 × 10 -3 , the weak RLS intensity of sodium lauroyl sarcosinate was greatly enhanced by the addition of proteins with the maximum peak located at 391 nm. Under the optimum conditions, the enhanced RLS intensities were in proportion to the concentrations of proteins in the range of 0.04 to 2.1 µg/mL for lysozyme, 0.0025 to 1.2 µg/mL for bovine serum albumin, 0.0075 to 0.9 µg/mL for human serum albumin, 0.02 to 1.4 µg/mL for γ-globulin, 0.02 to 0.8 µg/mL for egg albumin, and 0.01 to 0.6 µg/mL for hemoglobin. Low detection limits ranging from 0.8 ng/mL to 4.3 ng/mL depending on the kind of proteins that have been achieved. The protein concentrations in synthetic samples and real biochemical samples were determined with satisfactory results. This method presented here is not only sensitive and simple but also reliable and suitable for practical bioassay applications. (Journal of Biomolecular Screening 2006:400-406) 
INTRODUCTION
T HERE IS AN INCREASING DEMAND for simple, inexpensive, sensitive, and rapid analytical methods for the determination of trace amounts of proteins in clinical diagnosis and biochemical analysis. Resonance light scattering (RLS) technique, with the distinct advantages of speed, convenience, and sensitivity, is particularly suitable for those applications. 1 Since Pasternack and others established the RLS technique to study biological macromolecules with a common fluorescence spectrometer, [2] [3] [4] RLS studies have attracted great interest among the researchers. Subsequently, Huang and others first used this technique for analytical purposes. 5 It has been increasingly applied to the study and determination of nucleic acids, [6] [7] [8] proteins, [9] [10] [11] metal ions, 12 and medicines. 13 RLS technique has also been employed in proteins and nucleic acids detection onto surface, 14, 15 and probing of "spontaneous" modification of protein conformation. 16 Therefore, RLS technique is a powerful tool for the study and determination of proteins.
Generally, spectrophotometric methods, such as Biuret, 17 Bradford, 18 and Lowry 19 methods, which are based on the distinct color change of dyes on binding proteins, are widely used for the determination of proteins. However, these methods have their defects in terms of sensitivity, selectivity, rapidity, and simplicity. To solve some of these problems, chemiluminescence 20 and fluorescence 21 methods have been developed. In this report, however, we have proposed a novel method for the determination of the trace amount of total protein based on the interaction between sodium lauroyl sarcosinate (SLS) and proteins by RLS technique.
The most widely reported RLS probes of proteins are some dyes such as sulfonazo III, 22 arsenazo-DBN, 23 and fuchsine acid. 24 The choice and development of novel, simple, and effective protein probes are of great importance for the RLS technique. However, some anion surfactants have been used for the determination of proteins by RLS technique with good sensitivity in recent years. 25 But the use of aminophenol-type surfactant as a probe for the direct determination of proteins has not yet been reported. SLS is a kind of mild aminophenol-type ionic surfactant and can be easily purchased from the market. Its excellent and special properties such as good water solubility, high foam stability, and strong sorption capacity to protein series substances might prove useful for analytical applications by RLS technique. It is worth pointing out that SLS has a very high surface activity among a wide pH range, and its surface tension is about 3.4 × 10 -2 to 2.9 × 10 -2 N/m, which is singular among other anion surfactants. 26 The surfactants of aminophenol type exhibit some unusual physicochemical properties that differ from those of other anion surfactants for the determination of proteins with RLS technique.
Our experiment results showed that the RLS intensity of SLS was rather weak. However, the RLS intensity was greatly enhanced by the addition of trace amounts of proteins with the maximum peak located at 391nm. Because of the strong solubilization capacity of SLS, a very low reagent blank was achieved. Ways to reduce the intrinsical reagent blank signals are very important as they can offer a sound approach toward the detection of low concentration samples. Therefore, it is a high-sensitivity method for the determination of proteins. Compared with some other methods of determination of proteins, this method shows the advantages of high sensitivity, low detection limit, and fine simplicity.
MATERIALS AND METHODS

Materials
The stock solutions of proteins were prepared by dissolving commercially purchased proteins in double-distilled water. The concentration of the working solution was 10.0 µg/mL by diluting the protein stock solutions. Six commercial proteins were involved in this experiment study. Bovine serum albumin (BSA) and human serum albumin (HSA) were obtained from Sino-American Biotechnology Company (China). γ-globulin (γ-G), lysozyme, egg albumin, and hemoglobin (bovine) were purchased from Sigma. They were all stored at 0° C to 4° C. SLS was obtained from Shanghai Leasun Chemical Co., Ltd. (China). Its stock solution was prepared by dissolving the product in the double-distilled water, and its working solution was 2.0 × 10 -3 mol/L.
Coomassie Brilliant Blue G-250 (CBB) was obtained from Fluka. The working solution was prepared by dissolving 0.0836 g of the crystal in 50 mL 95% ethanol and then mixing with 100 mL 85% phosphoric acid. The mixture was diluted to 1000 mL with double-distilled water. The concentration of the working solution was 1.0 × 10 -5 mol/L.
The Britton-Robinson buffer solution, being made up of 0.04 mol/L phosphoric acid, 0.04 mol/L acetic acid, 0.04 mol/L boric acid, and 0.2 mol/L sodium hydroxide, was used to control the acidity of the solution. A total of 0.01 mol/L NaCl solution was used to adjust the ionic strength of the aqueous solution.
Human serum samples were bought from Shantou Central Hospital and diluted with double-distilled water.
All chemicals used were of analytical grade or the best grade commercially available, and double-distilled water was used throughout.
Apparatus
The RLS spectra and intensities were measured with a Perkin-Elmer Model LS-55 spectrofluorometer with a quartz cuvette (1 × 1 cm). All absorbance measurements were measured with an Agilent 8453 ultraviolet spectrophotometer. An SA 720 instrument (Orion Research) was used to measure the pH of the solution.
General procedures
Into a 10-mL calibrated flask were added 1.0 mL Britton-Robinson buffer, 0.8 mL SLS working solution, 1.2 mL NaCl solution, and appropriate proteins (or samples) and then diluted to 10.0 mL with water and stirred thoroughly.
All RLS spectra were obtained by scanning simultaneously the excitation and emission monochromators (∆λ = 0.0 nm) from 250.0 to 700.0 nm with the excitation and emission slit widths of 10.0 nm. The RLS intensities were measured at 391 nm. The enhanced RLS intensity of the system by proteins was represented as ∆I RLS = I RLS -I 0 RLS (I RLS and I 0 RLS were the intensities of the systems with and without proteins, respectively). Figure 1 displays the RLS spectra of the SLS and SLS-BSA system at pH 3.4. It can be seen that the RLS intensity of the SLS is rather weak in the whole scanning range of 250 to 700 nm. However, the weak RLS intensity of SLS can be greatly enhanced when a trace amount of BSA was added with 2 distinct peaks located at 391 and 456 nm. In addition, the enhanced RLS intensity increases with the increasing BSA concentration. The maximum RLS peak is located at 391 nm, so the 391-nm peak was chosen as the analytical wavelength. Compared with some other protein probes, 24, 25 the RLS intensity of the SLS (I 0 RLS ) is weaker, and the enhanced RLS intensity (∆I RLS ) of SLS by the same concentration of protein is larger than that of other protein probes. Therefore, this assay is more sensitive than most of the reported or accepted methods for the determination of proteins. It is probably related to the strong solubilization capacity of SLS.
RESULTS
Spectral characteristics
The fluorescence excitation (A) and emission (B) spectra of the BSA are shown in Figure 2 . It can be seen that 2 excitation peaks are located at 210 nm and 280 nm in the excitation spectra (A), and only 1 emission peak is located at 354 nm in the emission spectra (B). Figure 3 displays the effects of SLS at variable concentrations on the fluorescence excitation spectra of the BSA system (λ em = 354 nm). The results show that the intensity of the excitation spectra was affected by the addition of the SLS, together with a gradual red shift. It is considered that proteins could be unfolded by SLS, 27 and then an efficacious Resonance Light Scattering Technique intramolecular energy transfer occurred. This phenomenon indicated that the interaction between the SLS and the proteins occurred, which is beneficial to the RLS intensity enhancement.
Optimization of the general procedure
As shown in Figure 4 , the RLS intensity of the assay system was affected by pH. At pH 3.4, the enhanced RLS intensity reached its maximum. It is possibly related to the characters of proteins. All proteins contain at least 2 ionic groups such as the amino and carboxyl groups. A protein in solution at a pH lower than the isoelectric point (pI) will possess a net positive charge due to the protonation of the amino groups or the carboxyl groups. As mentioned above, the pH used in this experiment is below the pI of the tested proteins. The aminophenol-type ionic surfactant SLS has negative charges, whereas proteins are positively charged when the pH of the medium is lower than their pI. Because of the electrostatic attraction forces, they can easily interact to form associates, which is favorable for the RLS intensity enhancement. The effect of pH could be interpreted as follows: With the pH decreased, the increase of the positive charges on proteins would enhance the interaction between proteins and negatively charged SLS. However, a decrease in pH also reduces the negative charges on SLS, which would weaken the combination of SLS with proteins. At pH 3.4, these 2 opposing effects of pH resulted in the strongest electrostatic interaction between proteins and SLS, and hence the enhanced RLS intensity reached the maximum. So pH 3.4 was chosen for the assay.
The effect of the concentration of SLS on the RLS intensity was investigated by using different SLS concentrations (0.4 × 10 -4 to 3.0 × 10 -4 mol/L). As shown in Figure 5 , the concentration of SLS significantly affected the RLS intensity of the protein-SLS system. With the increasing SLS concentration, the ∆I RLS increased and reached maximum at 1.6 × 10 -4 mol/L. Then, an increase of SLS concentration led to a reduction of the RLS intensity. Therefore, 1.6 × 10 -4 mol/L was selected in this assay.
The effect of ionic strength on the RLS intensity of the system is presented clearly in Figure 6 . The maximum RLS intensity of the SLS-BSA system was reached at an NaCl concentration of 1.2 × 10 -3 mol/L. As we know, both protein and SLS have their own hydrophobic groups. Appropriately increasing the concentration of the salt will lead to a better interaction by their hydrophobic groups. 28 On the contrary, when the concentration of the NaCl was too high, the effect of the electrostatic shielding of charges, including the shielding of protein molecules from SLS and the shielding of SLS from protein molecules, reduced the combination of them and resulted in a decreased RLS signal. Therefore, the concentration of NaCl was fixed at 1.2 × 10 -3 mol/L.
The incubation time required to react completely was studied by measuring the RLS intensity at 391 nm for at least 2 h immediately after mixing. The results show that the reaction between SLS and proteins occurred rapidly at room temperature (<2 min), and the RLS intensity remained stable for at least 90 min. Thus, this assay does not require crucial timing.
Interference of foreign substances on RLS response
The effect of the foreign substances on the determination was tested by premixing BSA with compounds such as common ions, sugars, and amino acids under the optimum conditions of the general procedure. As listed in Table 1 , most of the tested coexisting substances can be allowed in relatively high concentrations, whereas those such as I -, Fe 3+ , and PO 4 3can be tolerated only at relative low concentration levels. However, all the interferences in the analysis of fluids can be minimized by dilution with water, which offers this method with the possibility of determination of trace amount of proteins in real biochemical samples.
Standard calibration curves and determination of proteins in samples
The RLS intensity was obtained at 391 nm, according to the above standard procedure. The analytical parameters of the determination are listed in Table 2 . A satisfactory linear relationship with low detection limits (less than 5 ng/mL) and relative wide linear ranges was obtained. As shown in Table 3 , compared with other methods of determination of proteins, this method has the advantages of high sensitivity, low detection limit, and fine simplicity.
According to the earlier reports about RLS technique, 2,4 the enhanced RLS intensity mainly depends on the electronic properties of the individual chromophores, the extent of the electric coupling among chromophores, and the size of the aggregate thus formed. The sizes of various proteins are different. However, it can be seen from Table 2 that the responses for some of the proteins such as BSA, HAS, and γ-G are approximately equal. Although the protein-to-protein variability cannot be strictly avoided with RLS technique, this measurement system can also be encouraged for its practical applications in the determination of biochemical samples.
The proposed method was applied to the determination of the proteins in synthetic samples and the total protein in human serum samples. As shown in Table 4 , proteins in synthetic samples were determined with satisfactory results (recovery: 96.0%-101.9%). Table 5 displays the determination results for human serum samples with HSA as the standard. The samples were diluted 2000-fold with double-distilled water without further purification. The results displayed in Table 5 are in good agreement with that obtained with common clinical CBB method. It is obvious that this method for the determination of the total protein is reliable, sensitive, and practical.
DISCUSSION
As we know, proteins and surfactants share the properties of having both charged groups and hydrophobic portions. This implies that the interactions between surfactants and proteins are intrinsically complex processes, involving different types of intermolecular forces. To clarify the mechanism of the interaction between them, the influence of ionic strength of the solution was carefully studied (as shown in Fig. 5 ). At the low ionic strength (C NaCl < 1.2 × 10 -3 mol/L), increasing the concentration of NaCl could lead to an increase in the RLS intensity of the system. It is particularly relevant to an increasing strength of the hydrophobic groups' binding as the concentration of the salt increased. However, at strong ionic strength (C NaCl > 1.2 × 10 -3 mol/L), the RLS intensity of the system decreased because of the effect of the electrostatic shielding of the charges. At the NaCl concentration of 1.2 × 10 -3 mol/L, the increasing strength of the hydrophobic groups' binding and the decreasing electrostatic interaction could reach equilibrium, and the whole interaction could reach maximum. The influence of the ionic strength reflects that both electrostatic interaction and hydrophobic groups' binding are some of the main driving forces governing their combination. It has been observed that fluorescence excitation spectra change with the variable SLS concentrations (Fig. 3) . This phenomenon could be related to the change of the protein structures. It is considered that proteins could be unfolded by SLS followed by an efficacious intramolecular energy transfer. As we know, the unfolded proteins have looser structures. Therefore, the proteins could bind more SLS. Furthermore, the unfolded protein could have a better combination with SLS by their hydrophobic groups. Taking other characteristics of the surfactants into account, the surfactants of aminophenol type also have the advantages of a general lower surface tension and higher surface activity, 26 and they are also very important for the RLS intensity enhancement. In fact, all these interactions occur synchronously. SLS thus performed better as a protein RLS probe than did other anion surfactants.
This assay has been optimized with respect to solution pH, SLS concentration, ionic strength, and incubation time. As discussed above, this assay is inexpensive, highly sensitive, and reproducible and has no special equipment requirements, demonstrating the suitability of this assay for common biochemical laboratories. By taking the advantages of automation of laboratory processes, Vidal and others 33 have reported a flow injection analysis system with RLS detection to automate the determination of total protein in urine and serum samples with high sample throughput. From these experiment results, it is concluded that this assay is rapid and easy to perform and is suitable for automation. This assay is very convenient to couple with other techniques and thus would be applicable to testing large numbers of biochemical samples. Because this assay system is solution based, it could be used to automate any offline and solution-based protein bioassays. The proposed method that directly determines proteins without any separation steps enhances the detection, and its application could be expected for a real-time protein assay.
CONCLUSIONS
The surfactants of aminophenol type with special properties and advantages are attractive molecules to probe proteins by RLS technique. They were shown to improve performance over other surfactants. The results of this study show that SLS played an effective role as a probe in the determination of trace amounts of proteins. This is an inexpensive, simple, and fast 1step procedure that requires measuring only RLS intensities. Therefore, it is a useful method to be used in practical bioassay applications. Future work will require the miniaturization of this assay. Because of the simplicity of the RLS technique, its applications have been developed greatly in recent years. RLS technique is becoming a more and more valuable technique for the detecting and characterizing of proteins. We will report the latest findings in the future. 
